During adaptation to a moving pattern, perceived speed decreases. Thus we know that the adapted visual system does not simply code the absolute speed of a stimulus. We hypothesised that adaptation to a moving stimulus serves to optimise coding of changes in speed at the expense of maintaining an accurate representation of absolute speed. In this case we would expect discrimination of speeds around the adapted level to be preserved or enhanced by motion adaptation. Speed discrimination thresholds were measured for sinusoidal gratings (1.25 cpd; 12.5 Hz; 40% contrast) with and without prior adaptation to moving, static, and flickering stimuli. After adaptation to motion in the same direction as the test, seven of eight subjects showed a reduction of perceived speed in the adapted region, and seven showed enhanced discrimination. Similar effects were found for adaptation to motion in the opposite direction to the test and to counter-phase flicker, suggesting that adaptation is driven by temporal modulation rather than by motion per se. We conclude that motion adaptation preserves or enhances differential speed sensitivity at the expense of an accurate representation of absolute speed.
Introduction
The importance of light adaptation by photoreceptor cells in the retina is well established, enabling our visual systems to operate in a vast range of conditions from near darkness to bright sunlight (Barlow, 1969) . Adaptation at subsequent stages of the visual system is also well documented, but has often been viewed as a limitation of the system associated with neural fatigue (e.g. Sutherland, 1961; Mollon, 1977) . Physiological data show that adaptive contrast gain control mechanisms operate at a cortical level (Ohzawa, Sclar & Freeman, 1982) , and suggest that transient temporal mechanisms might adapt on the basis of stimulus motion or temporal modulation to improve temporal frequency discrimination (Maddess, McCourt, Blakesee & Cunningham, 1988) . Divisive gain control networks have been proposed to account for both contrast gain control (Wilson & Humanski, 1993) and light adaptation (Wilson, 1997) . However, psychophysical evidence of a functional role for cortical adaptation is equivocal. Barlow, Macleod and van Meeteren (1976) failed to find improvements in the detection of changes in spatial frequency, orientation or contrast following adaptation. Several subsequent studies have reported enhancements in the discrimination of orientation (Regan & Beverley, 1985) and contrast (Greenlee & Heitger, 1988; Abbonizio, Langley & Clifford, 1998) under certain conditions. However, others have again failed to find post-adaptation improvements in the discrimination of spatial frequency (Regan & Beverley, 1983 ) and contrast (Maatanen & Koenderink, 1991; Ross, Speed & Morgan, 1993; Foley & Chen, 1997) .
Here, we investigate whether adaptation to moving stimuli enhances subsequent speed discrimination. The detection and discrimination of moving stimuli is thought to be mediated by only two or three temporal channels in the human visual system (Hess & Snowden, 1992) , as opposed to at least six spatial channels (Wilson & Humanski, 1993) . It would thus appear that the greatest scope for improvements in discriminability is offered by adaptation in the temporal domain. Adap-tation to motion has been shown to generate large, robust after-effects with identified neural correlates in the mammalian (Hammond, Mouat & Smith, 1988; Giaschi, Douglas, Marlin & Cynader, 1993) and human cortex (Tootell, Reppas, Dale, Look, Sereno, Malach et al., 1995; He, Cohen & Hu, 1998; Culham, Dukelow, Wilis, Hassard, Gati, Menon et al., 1999) . Consequently, we believe that if cortical adaptation plays a functional role in perception then it is most likely to be revealed through the use of dynamic stimuli.
Psychophysical studies have shown that perceived speed is affected by prior adaptation to motion (Thompson, 1981; Smith, 1985 Smith, , 1987 , and even to stationary stimuli (Held & White, 1959; Ascher, Welch & Fester, 1996) . When adapting and test stimuli have the same contrast, speed and direction, perceived speed is consistently decreased by adaptation (Carlson, 1962; Rapoport, 1964; Thompson, 1981; Muller & Greenlee, 1994) . Correspondingly, the perceived speed of a constantly moving stimulus decreases as a function of adaptation duration (Goldstein, 1957) , decaying exponentially to a steady-level (Clifford & Langley, 1996; Bex, Bedingham & Hammett, 1998) . As the perceived speed of a constantly moving stimulus decreases, sensitivity to modulations or increments in speed is enhanced (Clifford & Langley, 1996; Bex et al., 1998) , suggesting that an accurate representation of absolute speed is sacrificed for greater differential sensitivity. The data presented by Bex et al. (1998) indicates that speed increment thresholds remain approximately proportional to perceived speed during adaptation and recovery from adaptation. In Experiment 1 here, we investigate the relationship between perceived speed and differential speed sensitivity after motion adaptation in both naïve and experienced observers. In Experiment 2 we study the effect of varying the direction of adapting motion, and of adapting to temporal modulation in the absence of a net motion signal.
Materials and methods
Subjects viewed the screen from a distance of 75 cm, and were instructed to fixate a central fixation spot throughout (see Fig. 1 ). All stimuli were sinusoidal gratings with a spatial frequency of 1.25 cpd and a contrast of 40%, drifting within a fixed spatial window. In Experiment 1, all stimuli drifted towards the central fixation spot. In Experiment 2, various adapting stimuli were used while the test stimuli again drifted centripetally. In each experiment, two conditions were run: adapted and unadapted. In the adapted condition, a stimulus was present only to the left of the fixation spot throughout an initial adaptation phase of 20 s duration. The adaptation phase was followed by a 250 ms blank interval, a 250 ms test phase, and a further blank interval until the subject responded. After each response, the subject was presented with a further 8 s of top-up adaptation before the next test phase. Subjects were required to report which of the two stimuli in the test phase appeared to be moving more quickly. The speed of the left-hand stimulus in the test phase was fixed at 10°/s, while that of the right-hand stimulus was varied under computer control according to the method of constant stimuli. The protocol for the unadapted condition was identical except that no stimulus was present during the adaptation phase, which was reduced to 4 s duration. Trials with a 10°/s test were interleaved with others using 8 and 12°/s tests to ensure that subjective uncertainty existed in the speeds of both test and comparison stimuli (see Chen, Bedell, Frishman & Levi, 1998) .
For each run, a logistic function was fitted to the data:
where V is the speed of the comparison stimulus, p is the proportion of times the comparison is reported as faster, and h and i are the fitted parameters. The position parameter, h, corresponds to the point of subjective equality between test and comparison stimuli. The spread parameter, i, is a measure of the difference in speed necessary to make a discrimination. The speed discrimination threshold, defined arbitrarily as the distance between the 50 and 75% points on the Fig. 1 . Schematic diagram of the stimulus configuration for the adaptation and test phases in Experiment 1. Subjects fixated the central spot throughout. After unilateral adaptation, subjects were required to report which stimulus in the test phase appeared to be moving faster. Experiment 2 used the same configuration but with a range of adapting stimuli. psychometric function, is equal to 1.15i. Each threshold reported below is the average of at least five experimentally measured values. In any given testing session, two or three threshold measurements were taken from the same condition. Sessions testing in the adapted condition were interleaved with unadapted sessions in a pseudo-random order to control for any effects of learning on thresholds. The eight subjects all had normal or corrected-tonormal vision. Subject CC is an author of the study, subjects SW and AMW were experienced observers naïve to the purposes of the experiment, and the remainder were undergraduate students at Macquarie University serving as subjects for course credit.
Results

Experiment 1
The mean perceived speeds and speed discrimination thresholds ( 91 S.E.) from at least five runs in each condition for each subject are shown in Fig. 2 . In the unadapted condition, the points of subjective equality for the eight subjects were all within 30% of the veridical velocity, consistent in magnitude with a previous report of hemifield biases in perceived velocity (Smith & Hammond, 1986) . After adaptation, seven of the eight subjects showed a reduction of perceived speed in the adapted region, typically to around 70% of the unadapted level, and all eight subjects showed a reduction in discrimination thresholds for speeds around the point of subjective equality.
There are two possible bases for the reduction in measured discrimination thresholds through adaptation. One is that there is less uncertainty in the subjects' internal representation of the speed of the test stimulus after adaptation. In this case, one could say that adaptation sacrificed an accurate representation of absolute speed, as evidenced by the change in perceived speed, for greater differential speed sensitivity. This would be a functional role for cortical motion adaptation, analogous to light adaptation in the retina. The other factor reducing discrimination thresholds is essentially an artefact of the reduction in perceived speed of the test stimulus after adaptation. While we are interested in the uncertainty in subjects' representation of the speed of the test stimulus, the value of the measured threshold reflects not only this but also uncertainty in the speed of the comparison stimulus. By definition, the actual speed of the comparison stimulus at the point of subjective equality (p.s.e.) is equal to the perceived speed of the test stimulus. Since perceived speed decreases through adaptation (for all but one subject), the speed of the comparison stimulus around the p.s.e. will be lower after adaptation. For unadapted stimuli, speed discrimination is known to obey Weber's Law, such that speed discrimination thresholds are proportional to the baseline speed about which the discrimination is made. Thus, uncertainty in the speed of the comparison stimulus will be lower around the p.s.e. in the adapted condition whenever the speed of the test stimulus is perceived as slower after adaptation. Fortunately, we can quantify the expected reduction in i due simply to a change in p.s.e. We assume that: (1) uncertainty in the speed of the comparison stimulus obeys Weber's Law; (2) uncertainty in the speed of the test stimulus around the p.s.e. is unaffected by adaptation. The predicted value of i after adaptation, i pred , is given by:
where the subscripts un and ad refer to the unadapted and adapted conditions, respectively. Fig. 3 compares the ratios of pre-and post-adaptation speed discrimination thresholds and perceived speeds with the predicted values under the null hypothesis that subjects' uncertainty in the speed of the test Fig. 3 . Ratio of adapted/unadapted discrimination thresholds from Experiment 1 plotted against adapted/unadapted perceived speed ratio for each of the eight subjects. The solid line represents the prediction of the null hypothesis that subjective uncertainty in stimulus speed is unaffected by adaptation. The diagonal dotted line corresponds to the alternative hypothesis that discrimination thresholds decrease by the same proportion as perceived speed. Error bars are 9 1 S.E. the calculation we treated the measured perceived speed ratio as the independent variable, which we justify by the observation that the standard errors associated with the perceived speed ratios are much smaller than those in the threshold ratios. The datum for subject AA was excluded as an outlier, as he was the only subject for whom perceived speed increased rather than decreased after adaptation. For the remaining seven subjects, the difference between measured and predicted threshold ratios was divided by the standard error associated with that subject's threshold ratio to give standardised residual errors between each data point and the null and alternative predictions. For the null hypothesis, the sum of squared residuals was 8.48, while for the alternative hypothesis it was 1.39. Thus, the prediction of the alternative hypothesis was found to provide a significantly better fit to the data (t 12 = 3.74; PB 0.01, twotailed).
Experiment 2
Experiment 1 showed that adaptation affects the perception of subsequent motion at the same velocity in two ways. Not only does adaptation reduce perceived speed, it reduces subjective uncertainty in perceived speed to a similar degree. But the question remains as to what drives the adaptation: is it the motion of the stimulus per se, or the temporal modulation associated with that motion? Fig. 4 shows perceived speeds and speed discrimination thresholds for two experienced psychophysical observers, CC and SW, for a range of adapting stimuli. The perceived speed data in Fig. 4a show close agreement between the two subjects. Without adaptation, perceived speed is close to the veridical value of 10°/s. After adaptation to motion in the same or opposite direction as the test, perceived speed is reduced by around 30%. Reductions of a similar magnistimulus is unaffected by adaptation. For each subject, the ratio of the post-to pre-adaptation speed discrimination thresholds (i ad /i un ) is plotted against the corresponding perceived speed ratio (h ad /h un ). The null hypothesis as to the threshold ratio is plotted as a function of the perceived speed ratio (solid curve). As an alternative hypothesis we tested the prediction of Bex et al. (1998) that speed discrimination thresholds remain proportional to perceived speed, represented graphically by the sloping dotted line in Fig. 3 .
To evaluate the two hypotheses we calculated the residual errors between the predicted discrimination threshold ratios and the measured values. To simplify 5 . Ratio of adapted/unadapted discrimination thresholds for a range of adapting stimuli plotted against adapted/unadapted perceived speed ratio for (a) subject CC (b) subject SW. The solid line represents the prediction of the null hypothesis that subjective uncertainty in stimulus speed is unaffected by adaptation. The diagonal dotted line corresponds to the alternative hypothesis that discrimination thresholds decrease by the same proportion as perceived speed. Error bars are 9 1 S.E. tude are observed if the adapting grating is counterphase flickering at the temporal frequency of the test, rather than moving, and whether its orientation is parallel or perpendicular to that of the test. Adaptation to a static grating increases perceived speed by around 20% if its orientation is parallel to that of the test, while having no significant affect if it is perpendicular.
The pattern of results for speed discrimination (Fig.  4b ) is similar to that observed for perceived speed. There is again good agreement between subjects, although thresholds for SW are consistently around 70% higher than those for CC. For a given subject, speed discrimination thresholds are at a comparable level for the conditions involving no temporal modulation in the adaptation phase ('unadapted', 'parallel static', and 'perpendicular static'), and around 35% lower for adaptation to flickering or moving stimuli. Fig. 5 compares the measured speed discrimination threshold ratios of the two subjects for a range of adapting stimuli with the values predicted under: (i) the null hypothesis that adaptation does not affect subjective uncertainty in stimulus speed; (ii) the alternative hypothesis that subjective uncertainty in stimulus speed is proportional to percei6ed speed. For both subjects, discrimination thresholds decrease in proportion to perceived speed, regardless of the direction of motion or orientation of the flickering grating.
Discussion
The results of Experiment 1 show that adaptation to same-direction motion enhances differential speed sensitivity at the expense of a bias in perceived speed. The degree to which differential sensitivity is enhanced is roughly proportional to the reduction in the perceived speed of the stimulus. After adaptation to motion in the same direction as a subsequent test stimulus, seven of eight subjects showed a reduction of perceived speed in the adapted region. Seven of the eight subjects (the exception being BK) showed a greater decrease in measured discrimination thresholds through adaptation than would be predicted solely on the basis of a decrease in uncertainty of the speed of the comparison stimulus. We attribute this further decrease in discrimination thresholds to a reduction in the uncertainty of the speed of the test stimulus around the subjective matching speed, suggesting that motion adaptation does indeed play a functional role in improving sensitivity to differences in speed around the adapted level.
The results of Experiment 2 show that adaptation to motion per se is not required to enhance differential speed sensitivity. Adaptation to temporal modulation in the absence of net motion was found to produce significant improvements in discrimination around the subjective matching speed. Discrimination thresholds were found to decrease in proportion to perceived speed, regardless of the direction of motion or orientation of the flickering grating. Thus, we conclude that enhancements in differential speed sensitivity are driven by adaptation to temporal modulation rather than to motion itself.
In a previous experiment on the effect of adaptation on speed discrimination, the most striking finding was an increase in thresholds for low contrasts of the test and reference stimuli (Muller & Greenlee, 1994) . However, in their low contrast range (1.0 -2.8%), Muller and Greenlee (1994) found that perceived contrast has a marked effect on perceived speed and speed discrimination thresholds. Thus the increase in speed discrimination thresholds after adaptation for low contrast stimuli could well be a result of contrast fading. Muller and Greenlee (1994) also show in their Figs. 5 and 6 that, at medium and high contrasts, adaptation decreases speed discrimination thresholds for adapting and test stimuli of the same temporal frequency (2 Hz). Muller and Greenlee's high contrast range was 11.3 -32.0%, while the experiments reported here used 40% contrast. Our findings thus appear consistent with those of Muller and Greenlee (1994) ; at high contrasts, adaptation improves speed discrimination.
What is the neural locus of the adaptation giving rise to enhancements in differential speed sensitivity? Studies of motion transparency have shown that opposing motion signals are represented in primate primary visual cortex (V1) but, when there is no net local motion, only weakly excite the motion area MT (Snowden, Treue, Erickson & Andersen, 1991; Qian & Andersen, 1994) . A counterphase flickering grating of the type used here in Experiment 2 can be thought of as the superposition of two oppositely moving parallel gratings. Thus, we would expect counterphase flicker to excite motion-sensitive cells in V1, but not in MT. The fact that counterphase flicker in the absence of net motion is sufficient to generate adaptive enhancements in differential speed sensitivity suggests that the adapting mechanisms must be situated prior to area MT in the motion processing hierarchy, possibly in area V1. Activity in area MT has been shown to correlate strongly with the perception of the motion after-effect (Tootell et al., 1995; He et al., 1998; Culham et al., 1999) . However, V1 is also known to contain motionsensitive cells tuned to ranges of temporal frequency (Tolhurst & Movshon, 1975; Foster, Gaska, Nagler & Pollen, 1985) . We speculate that the adaptive effects on speed perception observed here are a result of gain control amongst populations of temporally tuned mechanisms in V1.
The response of motion-sensitive cells in V1 is modulated not only by stimulus temporal frequency but also by contrast (Sclar, Maunsell & Lennie, 1990) . It seems likely that temporal frequency adaptation and contrast adaptation share V1 as a neural substrate. Numerous studies have shown that speed and contrast are not independently coded (e.g. Muller & Greenlee, 1998) , and that adaptation decreases perceived contrast (Blakemore, Muncey & Ridley, 1973; Georgeson, 1985; Hammett, Snowden & Smith, 1994) . Stimulus contrast has in turn been shown to affect perceived speed over a wide range of contrasts (Thompson, 1982; Stone & Thompson, 1992; Muller & Greenlee, 1994; Thompson, Stone & Swash, 1996) and, at low contrasts, speed discrimination thresholds (Muller & Greenlee, 1994) . How can we be sure that our results cannot be accounted for in terms of the fading of perceived contrast accompanying adaptation? Firstly, perceived speed has been shown to decrease with grating adaptation even when contrast fading has been controlled for, such that test and reference gratings have perceptually matched contrasts (Clifford, 1997) , and to decrease at a slower rate than perceived contrast (Clifford, 1997; Thompson, Hammett & Bedingham, 1999) . Secondly, while stimulus contrast has been found to affect speed discrimination (Muller & Greenlee, 1994) , thresholds reach a lower asymptote by 10% contrast. In the range where contrast does affect speed discrimination, thresholds increase with decreasing contrast. Thus, while response gain control at the V1 level might underlie adaptation both to contrast and to temporal modulation, we find that the effects observed here are not predictable simply on the basis of contrast fading. We hope that future work will provide further insight into coding strategies and associated gain control mechanisms allowing multiple stimulus dimensions, such as temporal frequency and contrast, to be represented in the responses of a single population of neurons.
The enhancement of speed discrimination through motion adaptation suggests that explanations of cortical adaptation phenomena based on neural fatigue may be overly simplistic. Movshon and Lennie (1979) found that the responses of neurons in cat striate cortex did not reduce uniformly to all stimuli after adaptation, showing instead a significant degree of pattern specificity. Their results showed at a neuronal level that adaptation cannot simply be described as a loss in sensitivity. Similarly, in motion-sensitive neurons, the temporal frequency response function has been found to change shape after adaptation as well as dropping in level (Ibbotson, Clifford & Mark, 1998; Harris, O'Carroll & Laughlin, 1999) . Barlow (1990 Barlow ( , 1997 has put forward a theory of the functional role of adaptation in terms of a 'law of repulsion'. Under Barlow's theory, adaptation tends to cause the perception of subsequently presented stimuli to be repelled from that of the adapting stimulus. The function of this repulsion is to decorrelate perceptual variables, allowing the visual system to discriminate the corresponding physical stimuli more easily. Barlow (1990 Barlow ( , 1997 proposed that such decorrelation could be achieved by increasing the degree of mutual inhibition between perceptual variables when the perceptions frequently occur together. In the case of motion adaptation, the drop in neural activity in response to maintained motion could be understood as a consequence of mutual inhibition developing between the many motion-sensitive cells excited by the stimulus.
If cortical adaptation cannot be attributed to neural fatigue, then it is reasonable to ask whether it serves a function analogous to light adaptation in the retina. The retina codes variations in luminance by adapting to, and hence discounting, the mean luminance (Barlow, 1969) . Light adaptation has clear functional benefits in ecological terms, allowing the visual system to operate over a huge range of light levels. While information about the illuminant is discarded, this is of little relevance in comparison to the preservation of luminance changes carrying information about the structure of the environment. However, when one considers motion adaptation rather than light adaptation, the situation is less clear cut. One can think of situations where sacrificing information about absolute speed for enhanced differential speed sensitivity would be advantageous; a bear fishing in a stream, for example, could use differences in speed to detect the presence of its prey. But there are also situations where accurate estimation of absolute speed is important; e.g. in predicting the trajectories of moving objects and avoiding collisions. Thus, while the benefits of enhanced sensitivity to changes in luminance and changes in speed appear analogous, the cost of discarding information about absolute speed seems much higher than the cost of losing information about the mean light level.
If motion adaptation has a functional basis, but is not straightforwardly analogous to retinal adaptation, then how might its significance be explored in future studies? We have established here that differential speed sensitivity is preserved or enhanced at the expense of a bias in the perception of absolute speed. But what is the effect of motion adaptation on the perception of direction rather than speed? Levinson and Sekuler (1976) found that the perceived direction of subsequent test stimuli could be repelled away from the direction of an adapting stimulus, with the strongest repulsion occurring when adapter and test differed in direction by 30°. Schrater and Simoncelli (1998) found that the magnitude of this effect can be as much as 40°. Examination of their data suggests that, around the adapting direction, the rate of change of perceived direction as a function of actual direction can almost double. If this repulsion effect were straightforwardly reflected in performance on subsequent direction discrimination, then we would predict that thresholds for discriminations around the adapting direction could reduce to half their unadapted value. However, we would not necessarily expect an accompanying bias in the perception of the absolute direction of the adapting stimulus (although see Alais, Burke & Wenderoth, 1996) . If, in future studies, motion adaptation were found to enhance differential direction sensitivity without any deleterious effect on the perception of absolute direction, then this would surely be a clear example of a functional benefit from cortical adaptation.
